the olfactory epithelium) and the forebrain neuroepithelAs in the limbs, branchial arches, and heart, the surium (which gives rise to the olfactory bulb). A subpopulaface epithelium of the head, the frontonasal mesention of neural crest-associated cells in the frontonasal chyme, and the forebrain neuroepithelium are apposed mesenchyme can be visualized using a gene-trap mouse to one another and thus are well positioned to exchange (the ␤geo6 mouse) where ␤-galactosidase (␤-gal) labels cells in all targets of cranial neural crest including the frontonasal region ( Figures 1A and 1B) . These cells can ‡ To whom correspondence should be addressed (e-mail: anthony_ lamantia@med.unc.edu).
There is also a single, distinct spherical mass of cells at the periphery of the explant (asterisk). (F) ROSA26 mesenchyme recombined with wild-type epithelium. The mesenchyme is labeled by ␤-gal, reflecting its ROSA26 origin, while the presumed olfactory pit (arrows) and peripheral cell mass (asterisk) is unlabeled, indicating that these cells come from the wild-type epithelium.
tin, an established marker for neural crest in mammals are recombined, a distinct subregion of the epithelium thickens, invaginates, and resembles the olfactory pit (Stemple and Anderson, 1992; data not shown), and GAP43, also seen in crest derivatives (Benowitz et al., in intact E10.5/E11 embryos ( Figure 1E ; Table 1 ). In addition, there is a single spherical mass of cells at the 1988; data not shown). Thus, a molecularly distinct population of neural crest-associated mesenchymal cells is periphery of the explant ( Figure 1E, asterisk) . We then assessed whether morphogenesis depends immediately adjacent to cranial epithelia that give rise to the olfactory pathway.
upon cell-cell signaling versus cell migration between mesenchyme and epithelia. We recombined wild-type epithelium with mesenchyme from ROSA26 embryos in Mesenchymal/Epithelial Interactions and Morphogenesis which every cell is labeled by ␤-gal (Zambrowicz et al., 1997). After 48 hr, the thickened epithelium consists of To determine if inductive interactions occur between the frontonasal mesenchyme and epithelia, we cultured wild-type cells (i.e., unlabeled by ␤-gal; Figure 1F ), while the mesenchyme consists of ROSA26 cells. There is no undifferentiated surface epithelium and mesenchyme from the frontonasal mass of E9.0 embryos separately detectable migration of mesenchymal cells into the pitlike structure. There is, however, an apparent translocaor recombined. We first assessed the morphogenetic capacity of isolated or recombined tissues after 48 hr tion of epithelial cells through the mesenchyme. These cells are seen in the peripheral cell mass at the explant in culture. Isolated epithelium remains a single-cell layer and shows little cytological differentiation ( Figure 1C) . perimeter ( Figure 1F , asterisk). Accordingly, apposition of the frontonasal mesenchyme and surface epithelium Frontonasal mesenchyme also remains an undifferentiated cell mass ( Figure 1D ). In contrast, when the two leads to local epithelial differentiation and subsequent Morphological differentiation was assessed in 96 cultures from 9 litters of E9.0 embryos. After 48 hours in vitro, live images were evaluated. To be scored as differentiated, the culture had to show a thickened and invaginated epithelial pit, a complete covering of epithelium, and underlying mesenchymal mass. To be scored as undifferentiated, surface epithelial cultures had to show a single-cell-thick epithelial sheet, and mesenchymal cultures had to show a coherent, undifferentiated cell mass. The ϩ/Ϫ category included recombined cultures where the presumptive olfactory epithelium had not completely invaginated or the mesenchyme was not completely covered by an overlying epithelium. Surface epithelial cultures with small patches of thickened epithelial cells were assigned to this category, as were mesenchymal cultures with any indication of nonuniform cell groups in the mesenchymal mass.
formation of an olfactory pit-like structure. (Mansouri et al., 1996) . Pax-7 is Roskams et al., 1998). ␤-tubulin cannot be detected not detected in olfactory primordia at E9.0 (Figure 2 , in the frontonasal region of E9.0 embryos from which fourth column). At E10, however, prior to morphogenesis epithelium and mesenchyme are cultured (Figure 2 , first of the lateral nasal process, Pax-7 is seen in the lateral column). Subsequently, at E10, ␤-tubulin is expressed frontonasal mesenchyme. By E11, Pax-7 clearly distinin a patch of surface epithelial cells. As the olfactory pit guishes the lateral from the medial mesenchyme. In reinvaginates, ␤-tubulin defines the entire presumptive combined cultures, Pax-7 is limited to mesenchyme on olfactory epithelium as well as the nascent olfactory one side of the apparent olfactory epithelium but is not nerve. In recombined cultures, ␤-tubulin is expressed in seen in the peripheral cell mass. Pax-7 is not detected the epithelial pit and the peripheral cell mass. ␤-tubulin is in isolated epithelium or mesenchyme. not seen when the epithelium is cultured alone and is Finally, we asked whether apparent regional distincoccasionally expressed in scattered cells in the isolated tions in neural and mesenchymal markers reflect axes mesenchyme.
that constrain olfactory pathway assembly. In the emThe retinoid synthesizing enzyme retinaldehyde dehybryo, Pax-7 defines a medial-lateral boundary that exdrogenase 2 (RALDH2) contributes to RA synthesis in tends the entire anterior-posterior length of the fronthe developing nervous system (Zhao et al., 1996; Socktonasal mesenchyme ( Figures 3A and 3C ). Pax-7 is also anathan and Jessell, 1998; Niederrethier et al., 1999), seen in epithelial cells at the lateral margin of the nasal perhaps including the frontonasal region where RA is pit ( Figure 3E , arrowheads). NCAM-labeled cells are limlocally available (LaMantia et al., 1993). RALDH2 is not ited to the medial aspect of the invaginated olfactory expressed in the frontonasal mass at E9.0, although it epithelium ( Figures 3B, 3D , and 3E), and NCAM-labeled is present in the optic vesicle (Figure 2, second column) .
axons follow the medial-lateral boundary defined by Subsequently, RALDH2 is seen in the lateral-posterior Pax-7 expression ( Figure 3E) ; however, they extend only frontonasal process. A similar pattern is seen in recomtoward the anterior pole of the forebrain ( Figure 3D ). bined epithelium and mesenchyme. RALDH2 is not exThese medial-lateral and anterior-posterior distinctions pressed in isolated epithelium; in contrast, it persists in are maintained in vitro ( Figure 3F The percent difference of Pax-7 label between these ithelial components of the developing olfactory pathway and diminishes medial characteristics including neupairs has been compared to pairs in which both sides ronal differentiation. remained untreated. In these pairs, an average of 57% more of the mesenchyme is labeled by Pax-7 in the RAtreated explant than in the untreated control explant as The four signals that we have examined do not by themselves account for olfactory pathway development, induce a limb. This observation raises the possibility that the frontonasal epithelium and mesenchyme shares nor do they reflect the singular and direct effects of any of the four molecules on a specific cell type. Instead, significant inductive capacity with the limb; however, this possibility has never been explored. We have shown they are common components of a molecular process for mesenchymal/epithelial interaction. In limbs, branthat mesenchymal/epithelial induction mediated by local molecular signals also found in the limb establishes chial arches, and heart, altering RA, shh, the FGFs, or the BMPs disrupts axis formation and corresponding axial coordinates for the developing olfactory pathway. Furthermore, these axes constrain neuronal differentiamorphogenesis ( 
